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Abstract
This paper deals with one competent light trapping structure of metamaterials embedded p-Si/n-ZnO
based thin solar cell assisted by different simulation studies. Through this article, author exposed the
credibility of ZnO as multidimensional material with dual utility to serve as anti re�ective coating with
active material of this hetero-junction solar cell. Additionally, dielectric metamaterial like silica
nanoparticles on top of the structure enhanced the photon cultivation e�ciency of the device. Further
through this work try to validate the simulated structure in real world by the process of simple fabrication
technique which also offer same optical responses already given by theoretical studies. This
investigation also con�rms the metamaterial property of the monolayer silica nanopartcles in higher
angle of incidence of light which validate its utility in solar cell where injection of photon was needed
throughout the day. During the analysis of electric �eld and re�ectance pro�les generated by mentioned
light trapping structure, it is very recognizable that, in future this type of hybrid structure which is
combination of semiconductor with metamaterials will make solar cell more e�cient and cost effective.

I. Introduction
For the ful�lment of future energy demand as well as to protect green future for saving our earth from
environmental calamity it is of extern importance to focus our research on non-conventional energy.
Therefore, the importance of solar photovoltaic (PV) technology is one of the major aspects in the present
world. Though the different types of approaches have been adopted by recent PV technology, but due to
better stability with high e�ciency of c-Si solar cells still dominate the market. But the major
disadvantage of this c-Si technology is due to its high raw material (silicon) cost. Though Shockley
already mentioned more than �fty years back regarding the optimum thickness of silicon, but industries
are still using 180 µc thick absorber layer [1-7]. Now it is high time to promote thin c-Si wafers (20-30 µc
substrate) to reduce the material cost of silicon solar cell to reduce the current market price of solar cell.
Keeping this in mind, again all the industries and R & D sectors must focus on low processing technology
with conventional materials can also make solar cell more popular as a prime source in power sector. As
a result, the multidimensional material like ZnO which have dual quality like n type absorbing
semiconductor with antire�ective property promotes its importance in solar cell research community. 

In this work author try to present a modelling of heterojuntion solar cell with p type thin c-Si with n-type
ZnO embedded with loss less dielectric nanoparticles (silica) on top of this heterojunction device which is
at as treated as hybrid light trapping structure made of semiconductor (ZnO) and metamaterial (silica).
During this simulation study, it was determined that silica nanoparticles able to enhance the photon
injection into the solar cell through scattering of light not just in zero-degree angle of incidence, but it will
also capable in giving better result in wider angle of occurrence also. At last, through simple fabrication
technique attempt to validate the simulated geometries in real world and try to give practical
authentication of the study.

2. Optical Simulation And Analysis
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2.1.      Simulation setup and material selection

To establish the signi�cance of heterojunction-based silicon solar cell with silica nanoparticles, go
through some optical simulations. Simulation model was developed with the assist of FEM based solver
due to sub wavelength / wavelength scale geometry. Fig-1 shows the simulation setup adopted for the
present work. The periodic boundary conditions are used on both sides of heterojunction structure.  The
monolayers of silica nanoparticles   were embedded on top of the ZnO layer to establish the necessity of
silica nanoparticles as light trapper. To perform the optical simulation, need to introduce two ports, one is
on the top and another is bottom of the structure.  The optical structure receives the light energy through
port 1. A perfect electric contact (PEC) connected in port two to validate the structure for practical solar
cells which are available in the market and measure the response of re�ection and transmission of light
through the structure. The refractive indexes of different materials are taken from previous studyC [7].

The optimization of the thickness for the ZnO layer already established by some previous reports. So, in
this work mostly concentrated on 5 µm ZnO layer on 30 µm c-Si substrate. The diameter of 300 nm silica
nanoparticle was chosen due to its optimum    refractive index (1.27) lies between the refractive indexes
offered by ZnO (1.5-2.5) and Air (1). Through the previous studies it was already established the light
trapping capability of multilayer silica nanoparticles. But further due decreasing the material cost
adopted by simple fabrication method, monolayer of silica nanoparticles on top of the heterojunction
solar cell was investigated through this work [8]. 

2.2      Optical study of p-Si and n-ZnO based heterojunction solar cell 

Fig. 2 shows the electric �eld pro�le of 30 µm thin silicon with 5 µm ZnO on zero degree incidence of light
taken from 400 nm to 700 nm wavelengths. In this picture it was clearly observed that due to matching of
refractive indexes between silicon (3.34) and ZnO (1.5-2.5) layer, more photon was injected into the
heterojunction in the visible wavelengths. This study established the acceptance of the importance of
ZnO material not just as n-type material of solar cell but also treated as ARC (anti re�ection coating) of
this heterojunction structure. Not just in the visible light region this phenomenon is also observed (Fig. 3)
in near infrared and infrared wavelength a region (800-1100 nm region) which is more dominating
compared to �rst one [9-16].

2.3      Optical study of p-Si and n-ZnO based heterojunction solar cell embedded with silica nanoparticles
on zero degree incidence of light:

Fig. 4 and 5 shows the electric �eld pro�le of silica nanoparticles (Si NPs) embedded Si-ZnO based
heterojunction structure for thin silicon solar cell on different angle of incidence of light (400 nm to
1100nm). Both the �gures clearly indicate the photon harvesting capability of Silica NPs into the junction
of solar cell. The Silica NPs offers the multiple scattering of light rays into the structure. As a result, the
path lengths of the light rays increase immensely. Therefore, formation of the multiple hotspots was seen
into the junction which was schematically shown in Fig.1. Another fact must be considered that the 300
nm silica naoparicle offers the refractive index of 1.27 (approx) which is greater than Air and less than
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ZnO. So refractive index matching was perfectly done in the structure. As all knows that the silica
nanopartcles have the loss less dielectric property so it has high possibility of contributing the whispering
Gallery effect by these nanoparticles. These types of light trapping properly of silica nanoparticles were
not just observed in the only visible wavelength regions (shown by Fig. 4) but also noticed in near infrared
and infrared region also which was validated by Fig. 5. In this structure ZnO is treated as multipurpose
material  (both as absorber and ARC) therefore, the electron hole pairs generated into the ZnO layer also
contribute to produce the short circuit current of proposed heterojunction solar cell.   

2.4. Optical study of p-Si and n-ZnO based heterojunction solar cell embedded with silica nanoparticles
on 45 degree incidence of light :

Fig. 6 and 7 shows the electric �eld pro�les of silica embedded p-Si/ZnO based heerjunction structures in
different wavelength regions under 45-degree incidence of light. To investigate both the �gures (Fig. 6
and 7) it can quite clear that in higher angle of incidence light, the silica nanoparticles act as
metamaterial Mie resonators which have better ability to harvest more photons into the junction
compared to previous two cases. The monolayer of silica nanoparticles has the capacity to bend light
rays more pro�ciently like negative indexed metamaterial which produce better results with more
hotspots that is very near to the junction of the device [8, 17]. So, it is quite evident that, this type of
device structure shows better competent to inject more photons into the device in the higher angle of light
compared to zero degree incidence. This quality of the device supports its utilization as solar cell which
must have the supremacy to produce maximum power from sun throughout the day. This fact is also
validated by the re�ectance pro�les shows by Fig. 8.

3. Fabrication Method:
However, in this work we are mainly focused on electrochemical deposition process. In earlier Mukherjee
et al already deposited ZnO thin �lms on p-type Si wafers [18]. In this process 30 μc silicon wafers have
been achieved by chemical etching process. Then the wafers are cleaned by 10% HCl solution for 2-3
hours in 800C and at last dipped in 10% HF solution for 5 minutes. The electrolyte is prepared by 0.1M
ZnSo4 solution. A  Zn rod (99%) with a p-Si wafer is dipped into the solution and both are well connected
by a Cu wire. In this method Zn rod treated as anode as well as Si wafer served as cathode for self
decaying purpose. The pH of the solution maintained between 4 to 5 for uniform ZnO deposition. No
external temperature is needed for the reaction.

Further for more photon transmitted in the junction the mono layer of silica nanoparticles embedded on
top surface of the device which may treat as ARC coating of the cell. The silica nanoparticles are
synthesized by modi�ed stober method and embedded by spin coating technique [8].  The FESEM image
of synthesized on top of the thin silicon surface is shown in Fig. 9.
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4. Re�ectance:
Re�ectance measurements of fabricated nanoparticles embedded thin silicon wafers were done by
Bentham PVE300 spectrometer with integrated sphere and the characteristics are presented in Fig.10. It is
quite perceptible from the re�ectance data that the synthesized silica nanoparticles with ZnO layer can
successfully offer low re�ectance and can bring in maximum photon into the silicon substrate very
capably in comparison to the bare monocrystalline ultrathin wafer prepared in this study.

5. Conclusion:
In this study, author tries to validate the light trapping structure offered by ZnO layer embedded with
monolayer of silica nanoparticles.  As per the knowledge, it was revealed the negative refractive index
property of monolayer silica nanoparticles on higher angle of incidence of light for the �rst time. Not only
that, through this work it also proved the utilization of ZnO as multipurpose material which may be able
to serve ARC coating as well as active material of solar cell. Lastly, at the end of this study author
strongly believed that this work will motivate the future researchers to hit upon more practice of
metamaterials and multidimensional materials in solar cell production sector which may be capable to
reduce the processing and material cost of PV device without compromising its e�ciency. 
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Figure 1

Proposed device structure and simulation model.
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Figure 2

Electric �eld distribution along air/ZnO/Si at wavelengths 400 nm, 500nm, 600 nm and 700 nm for 0º
angle of incidence.
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Figure 3

Electric �eld distribution along air/ZnO/Si at wavelengths 800 nm, 900nm, 1000 nm and 1100 nm for 0º
angle of incidence.



Page 10/16

Figure 4

Electric �eld distribution along air/silica/ZnO/Si at wavelengths 400 nm, 500nm, 600 nm and 700 nm for
0º angle of incidence.
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Figure 5

Electric �eld distribution along air/ZnO/Si at wavelengths 800 nm, 900nm, 1000 nm and 1100 nm for 0º
angle of incidence.
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Figure 6

Electric �eld distribution along air/silica/ZnO/Si at wavelengths 400 nm, 500nm, 600nm and 700 nm for
45º angle of incidence.
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Figure 7

Electric �eld distribution along air/silica/ZnO/Si at wavelengths 800 nm, 900nm, 1000 nm and 1100 nm
for 45º angle of incidence.
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Figure 8

Re�ectance pro�les of (a) air/ZnO/Si for 0º angle of incidence (b) air/ZnO/Si with silica nanoparticles for
0º angle of incidence and (c) air/ZnO/Si and silica nanoparticles for 0º angle of incidence.
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Figure 9

FESEM image (top view) of fabricated silica nanoparticles on top of the thin silicon substrate.
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Figure 10

Re�ectance curves for (a) bare ultrathin wafer and the same with (b) Silica nanoparticle embedded ZnO
layer on top of the ultrathin wafer.


